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Preface

Since the first Application Manual for IGBT and MOSFET power modules was published, these
components have found their way into a whole host of new applications, mainly driven by the
growing need for the efficient use of fossil fuels, the reduction of environmental impact and the
resultant increased use of regenerative sources of energy. General development trends (space
requirements, costs, and energy efficiency) and the advancement into new fields of application
(e.g. decentralised applications under harsh conditions) bring about new, stricter requirements
which devices featuring state-of-the-art power semiconductors have to live up to. For this reason,
this manual looks more closely than its predecessor at aspects pertaining to power semiconductor
application and also deals with rectifier diodes and thyristors, which were last detailed in a SEMI-
KRON manual over 30 years ago.

This manual is aimed primarily at users and is intended to consolidate experience which up till
now has been contained in numerous separate articles and papers. For reasons of clarity and
where deemed necessary, theoretical background is gone into briefly in order to provide a better
understanding of the subject matter. A deeper theoretical insight is provided in various highly-
recommendable textbooks, some of which have been cited in the bibliography to this manual.

SEMIKRON's wealth of experience and expertise has gone into this advanced application manual
which deals with power modules based on IGBT, MOSFET and adapted diodes, as well as recti-
fier diodes and thyristors in module or discrete component form from the point of view of the user.
Taking the properties of these components as a basis, the manual provides tips on how to use and
interpret data sheets, as well as application notes on areas such as cooling, power layout, driver
technology, protection, parallel and series connection, and the use of transistor modules in soft
switching applications.

This manual includes contributions from the 1998 "Application Manual for IGBT and MOSFET
Power Modules" written by Prof. Dr.-Ing. Josef Lutz and Prof. Dr.-Ing. habil. Jirgen Petzoldt,
whose authorship is not specifically cited in the text here. The same applies to excerpts taken from
the SEMIKRON Power Semiconductor Manual by Dr.-Ing. Hans-Peter Hempel. We would like to
thank everyone for granting their consent to use the relevant excerpts.

We would also like to take this opportunity to express our gratitude to Rainer Weif3 and Dr. Uwe
Scheuermann for their expertise and selfless help and support. Thanks also go to Dr.-Ing. Thomas
Stockmeier, Peter Beckedahl and Thomas Grasshoff for proofing and editing the texts, and Elke
Schone and Gerlinde Stark for their editorial assistance.

We very much hope that the readers of this manual find it useful and informative. Your feedback
and criticism is always welcome. If this manual facilitates component selection and design-in tasks
on your part, our expectations will have been met.

Nuremberg, Dresden, limenau; November 2010

Arendt Wintrich
Ulrich Nicolai
Tobias Reimann
Werner Tursky
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1 Power Semiconductors: Basic Operating Principles

1.1 Basics for the operation of power semiconductors

With the exception of a few special applications, power semiconductors are used predominantly in
switching applications. This results in a number of basic principles and operating modes that apply
to all power electronics circuitries. In the development and use of power semiconductors the most
important goal is to achieve minimum power losses.

A switch used in an inductive circuit can turn on actively, i.e. at any given time. For an infinitely
short switching time no power losses occur, since the bias voltage may drop directly over the line
inductance. If the circuit is live, turn-off is not possible without conversion of energy, since the en-
ergy stored in L has to be converted. For this reason, switch turn-off without any energy conversion
is only possible if ig = 0. This is also called passive turn-off, since the switching moment is depend-
ent on the current flow in the circuit. A switch that is running under these switching conditions is
called a ZCS (Zero Current Switch).

Only for v, = 0 can turn-on of a switch under an impressed voltage applied directly at the switch
terminals be ideal, i.e. non-dissipative. This is called passive turn-on, since the voltage waveform
at the switch and, thus, the zero crossing of the switch voltage is determined by the outer circuit.
Active turn-off, in contrast, is possible at any time. Switches that operate under these switching
conditions are called ZVS (Zero Voltage Switches).

Figure 1.1.1 shows current and voltage waveforms at the switches during the basic switching proc-
esses described above. The use of real power semiconductors as switches will result in the fol-
lowing conditions. Before active turn-on, the current-transferring semiconductor is under positive
voltage. To enable the voltage to drop, the current - triggered by the controller - has to increase
by a certain rate determined by the turn-on characteristics of the power semiconductor. Both the
turn-on characteristic and the effective series inductance limit the current rise and voltage distribu-
tion within the circuit between power semiconductor and inductor. As the inductance increases, the
turn-on power losses of the given power semiconductor are diminished to a minimum threshold
value.

During passive turn-off of a live power semiconductor carrying current in positive direction, current
drops to zero due to the voltage polarity of the outer circuit. Current is conducted back as reverse
current by the charge carriers still stored in the semiconductor; this happens until the semiconduc-
tor has recovered its blocking capability to take up the negative circuit voltage (reverse recovery).

Active turn-off of a live power semiconductor will initially produce a voltage rise in positive direc-
tion triggered by the controller (turn-off characteristic). Then, an effective parallel capacitance at
the switch terminals can take over the current flow given by the turn-off characteristic of the power
semiconductor. For the given power semiconductor, the energy loss caused by the turn-off proce-
dure drops as the capacitance increases (turn-off load reduction).

A passively switched power semiconductor is under negative voltage before turn-on. If this voltage
changes polarity due to processes in the outer circuit, the power semiconductor will take up cur-
rent in positive direction, which, in the case of a substantial increase in current, will lead to turn-on
overvoltage (forward recovery).
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Figure 1.1.1 Basic switching processes

The basic operating principle behind power semiconductors is clearly defined in the aforemen-
tioned active and passive switching processes during cyclic switching of individual switches (turn-
on and turn-off of connecting lines between energy-transfer circuits) and inductive or capacitive
commutation (alternating switching of two switches each, alternating current-carrying and voltage-
carrying). Figure 1.1.2 shows a summary of the relationships between current and voltage during

the different possible switching procedures.
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Hard switching (HS, Figure 1.1.2 and Figure 1.2.3)

Hard turn-on is characterized by an almost total v, commutation voltage drop across the current-
carrying switch S, for the entire current commutation time, causing considerable power loss peaks
within the power semiconductor. At this point, inductance L, in the commutation circuit is at its
minimum value, i.e. the semiconductor that is turned on determines the current increase. Current
commutation is ended by passive turn-off of switch S,. Commutation and total switching time are
almost identical.

In case of hard turn-off, the voltage across S, increases up to a value exceeding commutation
voltage v, while current i;, continues to flow. Only then does current commutation begin as a result
of passive turn-on of S,. The capacitance C, in the commutation circuit is very low, meaning that
the voltage increase is determined mainly by the properties of the power semiconductor. The total
switching and commutation time are therefore virtually identical, and very high power loss peaks
occur in the switch.

Soft switching (ZCS, ZVS, Figure 1.1.2, Figure 1.2.4 and Figure 1.2.5)

In the case of soft turn-on of a zero-current switch (ZCS; S, actively on), the switch voltage will
drop to the forward voltage drop value relatively quickly, provided L, has been dimensioned suf-
ficiently, meaning that there are no or only very low dynamic power losses in the switches during
current commutation. Current increase is determined by the commutation inductance L,. Current
commutation ends when switch S, is passively turned off. This means that the commutation time
t. is higher than the switching times of the individual switches.

Active turn-off of S, will initialize soft turn-off of a zero-voltage switch. The decreasing switch cur-
rent commutates to the capacitors C,, which are positioned parallel to the switch, and initialises
the voltage commutation process. The size of C, determines the voltage increase in conjunction
with the commutation current. Dynamic power losses are reduced by the delayed voltage increase
at the switch.

Resonant switching (ZCRS, ZVRS, Figure 1.1.2, Figure 1.2.6 and Figure 1.2.7)

Resonant switching refers to the situation where a zero-current switch is turned on at the moment
when current i, drops virtually to zero. The switching losses are thus even lower than in the case
of soft switching of a zero-current switch. Since the switch cannot actively determine the time of
zero-current crossing, overall system controllability is somewhat restricted.

Resonant turn-off of a zero-voltage switch, in contrast, occurs when the commutation voltage
drops virtually to zero during the turn-off process. Once again, switching losses are lower than for
soft turn-off of the zero-voltage switch; here, too, there is less controllability.

Neutral switching (NS, Figure 1.1.2 and Figure 1.2.8)

Neutral switching refers to the situation where both switch voltage and switch current are zero at
the moment of switching. This is commonly the case when diodes are used.
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Figure 1.1.2 Types of switching processes (v, = driving commutation voltage, i = load current to be com-
mutated)
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1.2 Power electronic switches

A power electronic switch integrates a combination of power electronic components and a driver
circuit for the actively switchable power semiconductors. The internal functional correlations and
interactions within this integrated system determine several characteristics of the switch.

Figure 1.2.1 shows a power electronic switch system including interfaces to external electric cir-
cuitry (normally high voltage) and the control unit (information processing, auxiliary power supply).
Optical or inductive transmitters are normally used to ensure the necessary potential separation.
The combination possibilities for power semiconductors with different switch current direction and
voltage direction are shown in Figure 1.2.2.
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Figure 1.2.1 Power electronic switch system
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Figure 1.2.2 Possible combinations of power semiconductors in power electronic switches
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On the one hand, the parameters of a complete switch result from the semiconductor switching be-
haviour, which has to be adapted to the operating mode of the entire switch by way of semiconduc-
tor chip design. On the other hand, the driver circuit is responsible for the main switch parameters
and performs the key protection and diagnosis functions.

Basic types of power electronic switches

Owing to the operational principles of power semiconductors, which are clearly responsible for the
dominant characteristics of the circuits in which they operate, power electronic switches may be
split up into the following basic types. The main voltage and current directions clearly result from
the requirements in the actual circuit, in particular from the injected currents and voltages in the
commutation circuits.

Hard switch (HS)

Except for the theoretical case of pure ohmic load, a single switch with hard turn-on and turn-off
switching behaviour can be used solely in a commutation circuit with minimum passive energy
storage components (C , .- L, ) in combination with a neutral-switching power semiconductor.
Compared to the neutral switch which has no control possibility, a hard switch may be equipped
with two control possibilities, namely individually adjustable turn-on and turn-off points. This re-
sults in the possibility of operating the entire circuit using pulse width modulation (PWM). These
topologies dominate in power converter circuits in industrial applications.

Figure 1.2.3 shows the possible circuit configurations (in IGBT technology) and commutation cir-
cuits. Examples of typical circuits are the three-phase voltage source inverter (VSI) or the current
source inverter (CSl). In symmetrical switch arrangements, only one alternating current-carrying
switch will operate actively with two control possibilities, while the other one switches neutrally.
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Figure 1.2.3 HS commutation circuits and examples of typical circuits
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Zero current switch (ZCS)

In zero-current switches, the power semiconductors are always turned on actively and turned off
passively (for i;=0). Accepting the loss of one control possibility compared to a HS, active switch-
ing may be performed with far lower power losses thanks to sufficient series inductance L. This
makes it possible to achieve higher switching frequencies than for hard switching.

The single remaining switch control possibility calls for the use of the control process "pulse shift
modulation" (PSM). In concrete circuits applications with zero-current switches, this control proc-
ess is also known as "phase-angle control". Figure 1.2.4 shows the possible switch configurations
of a ZCS in IGBT technology operating in an equivalent commutation circuit; these switch con-
figurations can also be used in circuits with cyclic switching and no commutation. An example of a
typical circuit is a impressed-current parallel resonant converter. The resistance R _, symbolises
load connection in series with the resonant circuit. A further group of circuit topologies that work
exclusively on the basis of zero-current switches are line-commutated thyristor rectifier circuits.

Lk Lk
2

Parallel Resonant Converter

Figure 1.2.4 ZCS commutation circuits and example of a typical circuit
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Zero Voltage Switch (ZVS)
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Figure 1.2.5 ZVS commutation circuits and example of a typical circuit

Zero-voltage switches are designed such that they may be turned off actively and turned on pas-
sively when the switch voltage drops to zero (v =0). Active turn-off will produce very low losses if a
sufficiently high parallel capacitance is selected. Compared to hard switching, a decrease in power
losses is obtained by dispensing with one control possibility. The lower switching losses, however,
allow for higher switching frequencies than is the case in hard switching.

The single remaining switch control possibility calls for the use of the control process "pulse shift
modulation" (PSM). In concrete circuits applications with zero-voltage switches, this control proc-
ess is also known as "phase-angle control". Figure 1.2.5 shows the possible switch configurations
of a ZVS in IGBT technology operating in an equivalent commutation circuit; these switch con-
figurations can also be used in circuits with cyclic switching and no commutation. An example of a
typical circuit is a voltage-impressed parallel resonant converter. The resistance R __, symbolises
load connection in series with the resonant circuit.

Zero Current Resonant Switch (ZCRS)
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Series Resonant Converter

Figure 1.2.6 ZCRS commutation circuit and example of a typical circuit
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A zero-current resonant switch is controlled such that active turn-on begins at the very moment at
which the current i displays zero crossing. Thus, actual current commutation does not take place.
Consequently, even if there is a minimum commutation inductance L. the turn-on losses are lower
than in zero-current switches and are caused by the necessary change in charge of the junction
capacitances of the given power semiconductors. At the same time, the further power loss reduc-
tion compared to ZCS means another loss of controllability, since the turn-on moment is not con-
trollable, but is triggered by the zero-current crossing given by the outer circuitry. In circuits with
ZCRS, only indirect control of the energy flow is possible and is done by conducting and blocking
the switches across several periods of alternating current. This is referred to as pulse density
modulation (PDM) or even pulse group modulation.

Figure 1.2.6 shows a commutation circuit with ZCRS, as well as a sample circuit in IGBT tech-
nology. For ideal switching at zero crossing of alternating current, the switches would not need
antiparallel switch diodes for the second current direction. In practice, however, these are included
owing to non-ideal behaviour. The resistance R, symbolises load connection in series with the
resonant circuit.

Zero Voltage Resonant Switch (ZVRS)

This basic type of switch is to be considered a borderline case of the ZVS. If a ZVS actively turns
off exactly at the point of zero-crossing of the applied alternating commutation voltage V,, the in-
creasing switch voltage will trigger the current commutation process (between the switches). Even
for a very low capacitance C, in the commutation circuit, the switching losses are lower than for
the ZVS, in combination with the loss of a further control possibility, because the turn-off moments
are no longer independently adjustable but are triggered by the zero voltage crossing given by the
outer circuitry. Similar to the case for ZCRS, in circuits with ZVRS, only indirect control of the en-
ergy flow is possible and is done by conducting and blocking the switches across several periods
of alternating current. This is referred to as pulse density modulation (PDM) or even pulse group
modulation.

Figure 1.2.7 shows a commutation circuit with ZVRS, as well as a sample circuit in IGBT technol-
ogy. For ideal switching at zero crossing of the alternating voltage, the switches would not need
antiparallel switch diodes for the second current direction. In practice, however, these are included
owing to non-ideal behaviour. The resistance R __, symbolises load connection parallel to the reso-
nant circuit.
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Figure 1.2.7 ZVRS commutation circuit and example of a typical circuit
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Neutral Switch (NS)

A commutation process is started or ended by neutral turn-on or turn-off of a neutral switch. Here,
both voltage and current across the switch are zero at the moment of switching. Owing to its natu-
ral switching behaviour, a diode displays these properties. Neutral switches can also be imple-
mented by integrating actively switching power semiconductors (e.g. IGBT) provided this is given
"diode properties" by way of suitable intelligent control.
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Figure 1.2.8 NS commutation circuits and example of a typical circuit

Figure 1.2.8 shows commutation circuits with neutral switches, as well as a diode rectifier topology
as an example of a typical circuit for neutral switches. Table 1.2.1 shows a summary of all basic
types of power electronic switches incl. the aforementioned turn-on and turn-off processes. The
blank fields are modifications of the basic types which are required in almost all applications. If
the resonant conditions in a circuit working with soft or resonant switches are not met at certain
operating points, the switches have to be able to cope with hard switching - something that is not
normally within their original features (modified ZVS = MZVS; modified ZCS = MZCS) - in order to
ensure that the entire system continues to work. Normally, the switches are operated in this de-
viating mode for a very short time only. In the case of hard active turn-off of a ZVS or hard active
turn-on of a ZCS, the switches are operated as ZVHS or ZCHS, respectively.

10
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ON hard soft resonant neutral
OFF L, in series ii=0 V=0
hard HS MZCS ZVHS
 soft MZVS ZVS
C, in parallel
r(i/sozaont ZVRS
K
”ie“:trg' ZCHs zCs ZCRS NS
S

Table 1.2.1 Basic types of power electronic switches
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2 Basics
21 Application fields and current performance limits for power
semiconductors

The development of power semiconductors saw the onset of lasting success for power electronics
across all fields of electrical engineering. Given the ever increasing call for resource conservation
(e.g. energy saving agenda), the use of renewable energies (e.g.wind power and photovoltaics)
and the need for alternatives to fossil fuels (e.g. electric and hybrid drives for vehicles), this suc-
cess is gaining more and more momentum today.

This development is also largely driven by the interactions between system costs and market pen-
etration, as well as the energy consumption required for production and the energy saving poten-
tial of products in operation. In addition to the general aim to expand the performance profile, the
development aims "low materials consumption/ low costs" and "high efficiency" are gaining more
and more importance.

Figure 2.1.1 shows maximum current and voltage values for controllable power semiconductors
on the market today. Today, the use of parallel and series connections for power semiconductors,
as well as power converters equipped with semiconductors, means that virtually any amount of
electric power can be transformed, converted into another form of energy or "generated" from
another type of energy.
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Figure 2.1.1 Present current and voltage limits for controllable power semiconductors

Figure 2.1.2a) shows common switching frequency ranges for various power semiconductors.
Figure 2.1.2b) illustrates the current key application fields and limits.
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IGBT (Insulated Gate Bipolar Transistors) have become especially important for the "mass mar-
kets" of mains-powered systems and equipment with a medium or high switching performance in
the range of some kW and several MW, this is particularly true for potential-free power modules.
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Figure 2.1.2 a) Switching frequency ranges for various power semiconductors;
b) Current application areas and limits [1]

Since the mid-eighties, these are other actively switchable power semiconductors such as power
MOSFET (Metal Oxide Semiconductor Field Effect Transistor), GTO (Gate Turn Off-) thyristors
and IGCT (Integrated Gate Commutated Thyristor) have almost completely pushed back conven-
tional thyristors to line-commutated applications. Compared to other switchable power semicon-
ductors, such as conventional GTO-thyristors, IGBT and MOSFET have a number of application
advantages, such as active turn-off even in the event of a short circuit, operation without snubbers,
simple control, short switching times and, consequently, relatively low switching losses. The pro-
duction of MOSFET and IGBT using technologies from the field of microelectronics is compara-
tively simple and low-priced.

Today, most applications for currents of some 10 A use power semiconductors with silicon chips
integrated in potential-free power modules. In 1975, it was SEMIKRON who launched them
commercially for the first time. These modules often contain several silicon chips of identical or
different components (e.g. IGBT and freewheeling diode, or thyristor and line rectifier diode), and
more components (e.g. temperature and current sensors) or control and protective circuits ("intel-
ligent power modules"/IPM), if required.

Despite the disadvantage of one-side cooling only, for up to high power ranges, potential-free pow-
er modules are gaining more ground than disk cells, even though the latter are able to dissipate
about 30% more of the heat losses thanks to double-sided cooling and are better suited to series
connections from a mechanical point of view. The reason that modules are more popular than disk
cells is that, apart from easy assembly, they boast "integrated", well-proven electrical isolation
between chip and heat sink, almost any combination of different components in one module and
relatively low costs thanks to batch production.

Today, important areas of application for power MOSFET are power supply systems, low-voltage
switch applications in automotive electronics and applications featuring very high switching fre-
quencies (50...500 kHz), where standardised power modules are of rather low importance.

The following chapters will detail the layout, function, characteristics and applications of line recti-
fier diodes and thyristors, power MOSFET and IGBT, and fast diodes required as freewheeling
diodes, and outline development trends in these areas. Based on the requirements described at
the beginning of this chapter, the general aims and directions for the further development of power
semiconductors can be summarised as follows:

14
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The key aims for further development are as follows:

- Increasing the switching performance (current, voltage)

- Reducing losses in the semiconductors as well as in control and protective circuits

Expanding the operating temperature range

Improved service life, ruggedness and reliability

Reducing the amount of control and protection required; improving component behaviour in the
event of error / failure

Cost reduction

The development directions can be broken down as follows:

Semiconductor materials
- New semiconductor materials (e.g. wide bandgap materials)

Chip technology

Higher permissible chip temperatures or current densities (reduction of chip area)

Finer structures (reduction of chip area)

New structures (improvement of chip characteristics)

Integration of functions on the chip (e.g. gate resistance, temperature measurement, monolithic
system integration)

New monolithic components by combining functions (RC-IGBT, ESBT)

Improved stability of chip characteristics under different climatic conditions

Packaging

- Increase in thermal and power cycling capability

- Improvement of heat dissipation (isolation substrate, base plate, heat sink)

- Wider scope of application as regards climate conditions thanks to improvements in casing and
potting materials or new packaging concepts

- Optimisation of internal connections and connection layouts regarding parasitic elements

- User-friendly package optimisation to simplify device construction

- Reduction of packaging costs and improvement of environmental compatibility in production,
operation and recycling

Degree of integration

- Increasing the complexity of power modules to reduce system costs
- Integration of driver, monitoring and protective functions

- System integration

Figure 2.1.3 shows different power module integration levels
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Figure 2.1.3 Power module integration levels
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More complex technologies, smaller semiconductor structures and precise process control are
inevitably driving the properties of modern power semiconductors towards the physical limits of
silicon. For this reason, research into alternative semiconductor materials, which began as early
as the 1950s, was pushed in recent years and has since resulted in the first mass products.

Today, the "wide bandgap materials" silicon carbide (SiC) and gallium nitride (GaN) are the main
focus of this research. Compared to silicon, they display a far higher energetic gap between va-
lence and conduction band, resulting in comparatively lower forward on-state losses and switching
losses, higher permissible chip temperatures, and better heat conductivity than silicon.

Table 2.1.1 contains quantitative data on the key material parameters [2], Figure 2.1.4 shows the
impact they have on material properties.

Parameters Si 4H-SiC GaN
Bandgap energy Eg eV 1.12 3.26 3.39
Intrinsic density n, cm 1.4*101° 8.2*10° 1.9%10"°
Breakdown field intensity [ E_ MV/cm 0.23 2.2 3.3
Electron mobility [T cm?/Vs 1,400 950 1,500
Drift velocity ot cm/s 107 2.7*107 2.5*107
Dielectric constant € - 11.8 9.7 9.0

Heat conductivity A W/cmK 1.5 3.8 1.3

Table 2.1.1  Wide band-gap semiconductor materials versus silicon: a comparison of material properties
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Figure 2.1.4 Impact of different physical parameters of semiconductor materials [3]

Today, the key to more widespread use of SiC, however, is to enable the cost-efficient production
of suitable monocrystalline chips that are sufficiently high in quality to eliminate crystal degrada-
tion (micropipes), and that are available in optimum wafer sizes for the power electronics industry.
While Si is currently produced on 8“ wafers virtually defect-free for € 0.10/cm?, the defect density
for SiC wafers with a diameter of 4“ is one order of magnitude higher, multiplying costs in compari-
son to Si. GaN, which displays slightly poorer properties than SiC, has been used mainly in opto-
electronic components so far. The carrier material employed today is sapphire. Since this material
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is non-conductive, GaN components must have planar structures. The most common type of diode
on the market today is the SiC Schottky diode.

Owing to the advanced development stage of Si power semiconductors, there is no technical need
to introduce other semiconductor materials for MOSFET and IGBT in the voltage range < 1000 V.
In this voltage range, wide bandgap semiconductor materials are more likely to be competitive in
junction-gate driven power semiconductors such as JFET (junction gate field-effect transistors),
bipolar transistors and thyristors, whereas MOS-driven transistors clearly outplay silicon compo-
nents when higher voltages are applied.

Owing to high material costs, power semiconductors made of "wide bandgap materials" are used
first and foremost in applications where a particularly high efficiency ratio or minimum absolute
losses are required, as well as in applications whose requirements — e.g. temperature, voltage or
frequency — cannot be met with Si power semiconductors.

In order to to fully benefit from the main advantages that power semiconductors made of SiC or
GaN have over conventional components, such as

- low conduction and switching losses

higher blocking voltages

higher possible power densities

higher permissible operating temperatures

shorter switching times, higher switching frequencies,

it is vital for packaging to be further developed and improved on accordingly.

2.2 Line rectifiers

2.2.1 Rectifier diodes

Cathode

Circuit symbol

Anode

2211 General terms

Forward direction

Direction of current flow where the rectifier diode has the lower resistance.
Reverse direction

Direction of current flow where the rectifier diode has the higher resistance.
Anode terminal

Terminal into which the forward current (on-state current) flows.

Cathode terminal

Terminal out of which the forward current (on-state current) flows.
On-state current (forward current)

Current flowing in forward direction.

On-state voltage (forward voltage)

Voltage applied between the terminals as a result of the forward current.
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Reverse current

Current flowing in reverse direction as a result of blocking voltage (reverse voltage). If the off-
state current is displayed using a plotter, an oscilloscope or a similar measuring instrument with a
screen, DC voltage should be used for measurements if possible. If measurements are taken us-
ing AC voltage, it is important to note that the capacitance of the pn-junction causes a split in the
characteristic curve. Depending on the rising or falling voltage, there will be a positive or negative
displacement current which splits the characteristic into two branches. The point in the peak of the
measurement voltage is not distorted by capacitive influences and shows the true reverse current
(Figure 2.2.1).

reverse

current i capacitive hysteresis

7Y reverse current i at v,

N

) 7z
&, | measured voltage v
v

Figure 2.2.1 Blocking characteristic with capacitive splitting as a result of AC measurements.

Blocking voltage (reverse voltage)
Voltage applied between the terminals in reverse direction
2.2.1.2 Structure and functional principle

Rectifier diodes are components with two terminals and are used to rectify alternating currents.
They have an asymmetrical current-voltage characteristic (Figure 2.2.2).

| A /

Forward direction

Equivalent slope
resistance

direction

Break through Blocking area
— D E— ,‘/Threshold voltage
: — H \Y
' Reverse — Conducting area

Figure 2.2.2 Current-voltage characteristic of a rectifier diode with voltage directions,
current/voltage areas and equivalent resistance line

Today, the semiconductor diodes used to rectify line voltages are produced mainly on the basis of
monocrystalline silicon. A distinction is made between diodes whose rectifying effect is caused by
the transition of mobile charge carriers from an n-doped to a p-doped area in the semiconductor
(pn-diodes) and Schottky diodes, where a metal-semiconductor junction produces the rectifying
effect.
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Glass passivation Anode (metallised) Guard ring Anode (metallised) Oxid

pn-junction Cathode (metallised) Schottky- Cathode (metallised)
Contact

a) b)

Figure 2.2.3 Schematic layout of a pn-diode (a) and a Schottky diode (b);
The glassivation and the guard ring with oxide cover provide protection from environmental
impacts and stabilize reverse currents.

pn-diodes (pin-diodes)

A pn-diode consists of a heavily p-doped p*-layer with many free-moving holes, a heavily n-doped
n*-layer with many free-moving electrons and a weakly n-doped n-—-layer (also called i-layer, i
meaning intrinsic) in between, whose width W and doping determine the maximum blocking volt-
age. The electrons and holes present in the vicinity of the pn-junction recombine with each other,
which is why they are no longer available for current transmission. Thus, an insulating thin layer
with no free-moving charge carriers is created. This is called the space charge region, since a
potential difference between p-doped and n-doped silicon is built up here as a result of the non-
mobile charges of ionised doping atoms. This happens without external voltage being applied.

If a negative voltage is applied to the p-silicon and a positive voltage to the n-silicon, free electrons in
the n-silicon are sucked toward the cathode, and the holes in the p-silicon toward the anode. Owing to
this effect, the insulating space charge region is widened and the electric field intensity in the vicinity of
the pn-junctionincreases. The diode is poled in reverse direction and there is (almost) no current flow.
Even if a diode is poled in reverse direction, a small current will flow. This is called the leakage
current. This current results from the fact that free charge carrier pairs are generated in the space
charge region as a result of thermal energy or irradiation. These charge carrier pairs are separated
in the field of the space charge region and drained toward the terminals.

If a positive voltage is applied to the p-silicon and a negative voltage to the n-silicon, the free
electrons in the n-silicon and the holes in the p-silicon are pushed into the space charge region.
The space charge region is flooded by mobile charge carriers and disappears. A current flows and
more charge carriers are supplied from the outer circuit. The diode is poled in forward direction
(Figure 2.2.2).

Schottky diodes

In Schottky diodes, the metal-semiconductor contact (Schottky contact) carries out the tasks of the
pn-junction. The biggest difference between pn-diodes and Schottky diodes is that in pn-diodes
both electrons and holes assist in current transmission (the pn-diode is a bipolar component),
whereas only one type of charge carrier is responsible for current transmission in Schottky diodes
(unipolar component). This has a particularly strong affect on the dynamic behaviour (also see
chapter 2.2.1.4 and 2.3.1.1).
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2.2.1.3 Static behaviour
On-state behaviour

When forward voltage is applied, the current will increase steeply as soon as the threshold volt-
age for silicon this is approx. 0.7 V) has been reached (Figure 2.2.2). Only at very high currents
which are far above the permissible continuous current will this on-state curve level out slightly.
For low and medium currents, the temperature coefficient of the on-state voltage is negative,
which means that, at constant current, the higher the temperature, the lower the on-state volt-
age. With very high currents this behaviour is reversed. When the on-state current flows, on-state
losses are created (= on-state current * on-state voltage), heating up the diode. This heat build-up
limits the forward current, since excessive heat may damage the diode.

Blocking behaviour

If voltage is applied to a diode in reverse direction, the reverse current will initially rise until it
reaches a level - at just a few volts - which will barely increase further as the voltage is increased.
The reverse current is highly temperature-dependent and rises proportionate to temperature, an
effect that is particularly strong in the case of Schottky diodes. Under normal operating conditions,
however, the losses that occur (= blocking voltage * reverse current) are so small that they can be
neglected when calculating the overall losses (exception: Schottky diodes). If the voltage applied
in reverse direction is increased until it reaches the breakdown region (Figure 2.2.2), the reverse
current will rise more or less steeply. Two mechanisms may cause this rise: the Zener effect and
the avalanche effect.

Zener effect

In diodes with a very highly doped n- middle region, the field intensity in the space charge region
may become so high that electrons are snatched away from the silicon atom bonds, thus creating
free charge carrier pairs (Zener effect). This causes the reverse current to rise very steeply. The
Zener voltage which is present when this rise occurs drops as the temperature increases. The
Zener effect appears only in combination with extremely high field intensities in the space charge
region. Such field intensities are only observed in diodes with a relatively low breakdown voltage.
The limit is 5.7 V. In the case of higher breakdown voltages, this effect is known as the avalanche
effect.

Avalanche effect

Within the space charge region, free charge carriers (electrons or holes) are generated as a re-
sult of thermal or optical energy. In the avalanche effect, these charge carriers are accelerated
by the electric field intensity prevailing in the space charge region to such an extent that, due to
their kinetic energy, they may create more charge carrier pairs by bumping into valence electrons
(ionisation by collision). The number of free charge carriers increases like an avalanche, which
is also true for the reverse current. The avalanche voltage which is present when this effect ap-
pears has a positive temperature coefficient, i.e. it increases proportionate to the temperature. All
breakdown voltages greater than 5.7 V are caused by the avalanche effect. Avalanche diodes are
often wrongly called Zener diodes. Operating a diode in avalanche breakdown is only permitted if
explicitly specified in the datasheet.

2.21.4 Dynamic behaviour
Turn-on behaviour

When the diode switches to conductive state, the voltage will initially increase to the maximum
turn-on voltage V... Only when the n-region has been completely flooded by charge carriers will
the on-state voltage drop to its static value V_ (Figure 2.2.4). Forward recovery time t_is in the
range of 100 ns. The steeper the current rise and the thicker the low-doped n--region in the diode,
the higher V_,, will be. The turn-on peak voltage may be 300 V and above.
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Figure 2.2.4 Diode turn-on behaviour
Turn-off behaviour
pn-diodes

In conductive state, the entire volume of the diode is flooded with electrons and holes. If voltage
polarity is then reversed, the diode will also conduct in reverse direction, meaning that no block-
ing voltage can be built up. Owing to the reverse current and the recombination of electrons and
holes, excess charge is depleted in the diode. As soon as all excess charge carriers are depleted
to zero at the pn-junction, the diode can take up blocking voltage again, the peak reverse recovery
current |, is reached, and from this point on the reverse current will decline again (Figure 2.2.5).
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Figure 2.2.5 Turn-off behaviour of a pn-diode: definitions (a) and current curve, voltage and switching
losses (b)

The red triangle Q_ is the charge stored in the diode. When the peak reverse recovery current | .,
has passed, voltage is present at the diode and a current flows through it. This results in switch-
ing losses, which may reach considerable levels when higher frequencies are applied and must
be taken into account in the total losses. Reverse recovery time t , storage charge Q, and peak
reverse recovery current | increase strongly at higher temperatures. Diodes with a short reverse
recovery time t , small storage charge Q_and low peak reverse recovery current | are called
fast diodes (see chapter 2.3). Fast diodes are obtained by reducing the carrier life, for example.
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Schottky diodes

Schottky diodes are unipolar components; only one type of charge carrier is responsible for cur-
rent transmission. While the on-state current is flowing, no excess charge which could appear
as storage charge when the diode is turned off (reversed polarity) is built up. This means that
Schottky diodes have no reverse current | ..., apart from a very low current for recharging the junc-
tion capacitance. A reverse recovery time is not defined.

Owing to their minimal switching losses, Schottky diodes are highly suitable for use in high-fre-
quency applications. Their blocking voltages, however, are limited due to the reverse currents
which rise steeply when the temperature rises and the unipolar on-state character. Silicon-based
Schottky diodes are currently available with a blocking voltage of up to around 200 V; those made
of gallium arsenide (GaAs) are suitable for up to 300 V, while Schottky diodes made of silicon car-
bide (SiC) are available for up to 1200 V. The suitability of SiC for high-blocking Schottky diodes is
down to the material's breakdown field intensity, which is nine times higher than silicon.

2.2.2 Thyristors

Cathode

Gate
Circuit symbol

Anode

2221 General terms
Forward direction, switching direction

The direction of current flow through the main terminals in which the thyristor can assume two
stable operating states, i.e. off-state and on-state.

Reverse direction
The direction opposite to switching direction.
On-state

Operating state at a certain operating point or operating point range where the DC resistance is
small (compared to the resistance in off-state).

Off-state

Operating state where the DC resistance is high (compared to the resistance in on-state).
Anode terminal

Main terminal where the forward current enters the thyristor.

Cathode terminal

Main terminal where the forward current leaves the thyristor.

Gate

Terminal through which only gate current flows. The device intended for control is connected to
the gate and the cathode terminal. For this purpose, larger thyristors are equipped with a second
cathode terminal.

Forward current

The current flowing in forward direction through the main terminals.
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Reverse current

The current flowing in reverse direction through the main terminals.
On-state current

The current flowing through the main terminals in on-state.
Off-state current

The current flowing through the main terminals in off-state. If the off-state current is displayed us-
ing a plotter, an oscilloscope or a similar measuring instrument with a screen, DC voltage should
be used for measurements if possible. If measurements are taken using AC voltage, it is important
to note that the capacitance of the pn-junction causes a split in the characteristic curve. Depend-
ing on the rising or falling voltage, there will be a positive or negative displacement current which
splits the characteristic into two branches. The point in the peak of the measurement voltage is not
distorted by capacitive influences and shows the true reverse current (see Figure 2.2.1).

Forward voltage

Voltage applied at the main terminals in forward direction.
Reverse voltage

Voltage applied at the main terminals in reverse direction.
On-state voltage

Voltage applied at the main terminals in on-state.
Reverse voltage

Voltage applied at the main terminals in off-state.
Breakover voltage

Blocking voltage in forward direction, where the thyristor suddenly transits into on-state without
gate current flowing.

Gate current
The current flowing through the gate. This is called positive when it flows into the gate.
Gate voltage

Voltage between gate and cathode terminal. This is known as positive if the gate has the higher
potential.

2.2.2.2 Structure and functional principle

A thyristor is a semiconductor component with a minimum of 3 pn-junctions which can be switched
from off-state to on-state. Often, "thyristor" specifically designates the reverse-blocking triode thy-
ristor which cannot be switched in reverse direction but blocks. In addition to the two terminals that
a diode provides, a thyristor has a gate which serves to switch the thyristor to the on-state (Figure
2.2.6).
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Figure 2.2.6 Current-voltage characteristic of a thyristor with voltage directions and operating states.

Gate (metallised) Cathode (metallised)

Glass passivation Anode (metallised)

High blocking pn-junction

Figure 2.2.7 Diagram of a thyristor (glassivation acts as protection from environmental impacts and stabi-
lizes reverse currents).

A thyristor consists of four alternate n-doped and p-doped regions (Figure 2.2.7). Together with
the adjacent p-doped regions, the middle n-region forms the high-blocking pn-junctions in forward
and reverse direction. Passiviation (here: glassivation) must be performed for both pn-junctions.
In order to be able to understand how a thyristor works, you can first imagine the thyristor divided
into an NPN transistor and a PNP transistor (Figure 2.2.8)

Cathode

Cathode Cathode

I I

n n Gate

Gate— p ,—> Gate — P p
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p p

| |
Anode

Anode Anode

Figure 2.2.8 Splitting a thyristor into two coupled NPN and PNP transistors

If the cathode is negatively polarized with respect to the anode, a current will flow from the gate
to the cathode; as a result, the cathode, which is the emitter of the NPN transistor, will inject elec-
trons. The gate current is amplified by the NPN transistor. Some of these electrons will reach the
low-doped region which simultaneously acts as collector of the NPN transistor and basis of PNP
transistor. In the PNP transistor, this current is further amplified and conducted to the basis of the
NPN transistor. This coupling of the transistor parts is crucial for the functioning of the thyristor.
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The current amplification in the transistor is current-dependent. As soon as the current in the gate

region becomes so high that the sum of current gains (in basis circuit) results in Oppn T O 02 1, the

current is amplified beyond all measure and the thyristor is triggered, meaning it turns into an on-

state. A short current pulse to the gate (e.g. lasting 10 ys) is sufficient to trigger the thyristor. If the

main current has exceeded the latching current | _at the end of the trigger pulse, the thyristor will

stay in on-state. Only if the main current falls below the holding current |, will the thyristor switch

back to forward off-state (blocking state) (see chapter 2.2.2.3). Every current flowing through the

pn-junction from the gate to the cathode acts as trigger current if it is high enough:

- External trigger current from gate to cathode

- Off-state current by exceeding the maximum blocking voltage (breakover voltage) ("break-over
triggering")

- Current generated in the space charge region by light incidence (light triggering)

- Excessive temperature (thermally generated off-state current)

- Capacitive displacement current owing to steeply rising anode voltage (dv/dt).

2.2.2.3 Static behaviour
On-state behaviour

The on-state behaviour of thyristors corresponds to that of diodes. When forward voltage is ap-
plied, current will increase steeply as soon as the threshold voltage has been reached (Figure
2.2.6). Only at very high currents which are far above the permissible continuous current will
this on-state curve level out slightly. For low and medium currents, the temperature coefficient
of the on-state voltage is negative, which means that, at constant current, the higher the tem-
perature, the lower the on-state voltage. With very high currents this behaviour is reversed.
When the on-state current flows, on-state losses are created (= on-state current * on-state volt-
age), heating up the thyristor. This heat build-up limits the forward current, since excessive heat
might damage the thyristor.

Blocking behaviour

If voltage is applied to a thyristor in reverse direction, the off-state current will initially rise
until it reaches a level - at just a few volts - which will barely increase further as the voltage is in-
creased. The off-state current is highly temperature-dependent and increases in proportion to the
temperature. If the voltage applied in reverse direction is increased until it reaches the breakdown
region (Figure 2.2.6), the off-state current will rise steeply as a result of the avalanche effect (see
chapter 2.2.1.3).

If voltage is applied to a thyristor in forward direction, it initially behaves as it would if voltage
were applied in reverse direction. If breakover voltage is reached, the thyristor will suddenly transit
into on-state and stay in this condition until this value falls below the latching current. Forward off-
state voltage is also temperature-dependent. This dependence can vary greatly from one thyris-
tor to another. At high temperatures, the forward off-state current is often higher than in reverse
direction. The reason for this is usually the off-state current gain from the NPN transistor for which
this off-state current is a base current. High forward off-state currents do not limit the functionality
and reliability of thyristors; they do not constitute a quality impairing characteristic. Under normal
operating conditions, the losses that occur (= blocking voltage * off-state current) are so small that
they can be neglected when calculating the overall losses.
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2.2.2.4 Dynamic behaviour
Turn-on behaviour
Firing by way of an external trigger current from gate to cathode

Thyristor firing starts locally at the point where the highest trigger current density is present. The
triggered area spreads relatively slowly (depending on the conditions, at a rate of between 30 um
and 100 ym per ys), meaning that for a thyristor diameter of 100 mm, it will take some 1,000 mi-
croseconds for the entire thyristor surface to become conductive (Figure 2.2.9).
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Figure 2.2.9 Current distribution in the thyristor after gate current turn-on (a) and
immediately after firing (b)

After the thyristor has been fired, the forward voltage will drop very slowly to the static value V_.
This results in a power loss peak which grows in proportion to the current rise slope (Figure 2.2.10).
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Figure 2.2.10 Current and voltage curves (a) and losses (b) during thyristor turn-on.

Since the area fired initially is very small, the turn-on losses caused by the gradual decline of the
on-state voltage to its static value V_ are concentrated on a small area. This causes the silicon to
heat up locally. In order to avoid damage to the thyristor, the rate of current rise must be limited to
the maximum permissible critical rate of current rise (di/dt)_.

For larger thyristors, the critical rate of current rise (di/dt)_ is increased by integrating an auxiliary
thyristor (pilot thyristor). Here, a smaller thyristor whose cathode is connected to the gate of the
main thyristor serves to amplify the trigger current for the main thyristor (Figure 2.2.11). The trigger
energy for the main thyristor is taken from the main circuit. This is called internal turn-on amplifica-

tion or amplifying gate-thyristor.

26



2 Basics

]
I

= - Auxiliary
1- T thyristor

i

\ s
n . n
= 1 p | R, e remame P
n n
r ' ’
E] Ry Ry
Hybrid auxiliary thyristor Integrated auxiliary thyristor Finger like auxiliary thyristor

Figure 2.2.11 Trigger energy amplification using an auxiliary thyristor (amplifying gate).

The ratio of (di/dt)_ is further improved by the finger-shaped amplifying gate which extends the
edge length between auxiliary and main thyristor. A shortcoming of this, however, is that the active
emitter area is reduced, as is the current carrying capacity.

Thyristor firing using capacitive displacement current (dv/dt firing)

Every pn-junction is a voltage-dependent capacitance. This capacitance will be biggest if no volt-
age is applied, and will drop as the blocking voltage applied is increased. Changes in voltage (high
dv/dt) cause a capacitive displacement current to flow through the pn-junction. If this current is
high enough, it can, like any other current through the p-base—emitter-junction, induce thyristor
firing.

Triggering by exceeding the breakover voltage ("overhead firing")

If the breakover voltage is exceeded (Figure 2.2.12), the off-state current will become so high that
it will fire the thyristor. Since the off-state current rises in proportion to the temperature and the
necessary trigger current decreases in proportion to the temperature, the breakover voltage will
decline in proportion to the increase in temperature.
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Figure 2.2.12 Triggering a thyristor by exceeding the breakover voltage
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Triggering by light or excessive temperature

Light incidence creates charge carrier pairs which are separated in the space charge region and
flow through the pn-junction to the cathode. They therefore act like a trigger current. The same is
true for thermally generated charge carrier pairs.

Turn-off behaviour

As is the case for line rectifier diodes (see chapter 2.2.1.4), the volume of a thyristor semiconduc-
tor is also flooded by charge carriers when a forward current flows. The majority of these charge
carriers have to be depleted when the voltage is reversed for the thyristor to be able to pick up
voltage in reverse direction. That said, residual charge carriers will still be present in the semicon-
ductor volume and these may cause thyristor firing if voltage is applied in forward direction.

The circuit commutated turn-off time t, refers to the time that elapses from the moment of zero-
current-crossing until the moment that blocking voltage can be re-applied without the thyristor
re-firing (Figure 2.2.13). The typical t, for thyristors is about 100 to 500 ps. Fast thyristors (fre-
quency thyristors) are thyristors where the circuit commutated turn-off time has been shortened
to between 10 and 100 ps by reducing the carrier life. More details on the dependency of the circuit
commutated turn-off time on the parameters can be found in chapter 3.2.5.2. The characteristics
are explained in chapter 3 "Datasheet parameters".
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Y Voltage v;

Current i,

Figure 2.2.13 Current i_and voltage v, curves of a thyristor during turn-off and circuit commutated recov-

ery time t,
2.3 Freewheeling and snubber diodes
2.31 Structure and functional principle

Modern fast switching devices require fast diodes as freewheeling diodes in the power circuit. In
the predominant applications which use inductive loads, the freewheeling diode is commutated
from conductive to blocking state with every turn-on operation of the switch. Here, storage charges
are to be depleted gently in order to avoid induced voltage spikes and high-frequency oscillations.
For this reason, these diodes are also referred to as soft-recovery diodes. They are also instru-
mental to switch performance. When designing these devices, a compromise between conflicting
requirements has to be found. Two main types of fast diodes exist: the Schottky diode, and pin-
diodes in epitaxial or diffused design.
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Figure 2.3.1 Schottky, pin-epitaxial and pin-diffused diode
a) basic structure
b) doping profile diagram

2.3.1.1  Schottky diodes

In Schottky-diodes, the metal-semiconductor junction serves as a blocking junction. In on-state,
only the small potential barrier between metal and semiconductor material must be overcome
(around 0.3 V for silicon). There is no diffusion voltage at the pn-junction as is the case in pin-
diodes (approx. 0.7 V for Si); this ensures a lower on-state voltage than occurs in any pin-diode,
provided the n-region is thin. With n-doped material, only electrons participate in the current flow
(unipolar). When diodes are operated close to the blocking voltage range, the off-state current will
considerably increase. This must be taken into account for power loss ratings, otherwise thermal
stability cannot be ensured.

When switching from conductive to blocking state, ideally only the low capacitance of the space
charge region has to be charged. For this reason, the component storage charge is some powers
of ten lower than the pin-diode, thus causing very low switching losses. As a result, the Schottky
diode comes very close to being an ideal diode. The Schottky diode is particularly well suitable
for use at very high frequencies and as a snubber diode with an extremely low on-state voltage.

For silicon, these advantages are limited to voltages < 100 V. When higher blocking voltages are
to be applied, the n-region must be extended and the on-state voltage will increase considerably.
In this voltage range, materials with a higher permissible electric field intensity such as GaAs (<=
600 V) or SiC (<=1700 V) are used. They have similar on-state characteristics to pin-diodes, but
the advantages they offer as regards switching properties are retained. The costs for the base
material and the manufacture of diodes made of the materials mentioned last are so high, how-
ever, that it only makes sense to use them in applications that require a particularly high efficiency,
switching frequencies or temperatures.
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2.3.1.2 PIN diodes
Epitaxial diodes

The advantages of pin-diodes become effective from 100 V upwards. In diodes produced today,
the middle region is not "i" (intrinsic), but n-type, with a much lower doping level than in the outer
regions. In epitaxial PIN diodes (Figure 2.3.1 mid) an n-region is first separated from the highly
doped n*-substrate (epitaxy). Then the p-region is diffused. In this manner, very small base widths
w, in the region of just a few ym can be obtained. By integrating recombination centres (mostly
gold), ultra-fast diodes can be achieved. Owing to the small base width w,, the on-state voltage
will remain low despite the recombination centres. That said, it will still always be greater than the
diffusion voltage of the pn-junction (0.6 to 0.8 V). The main field of application for epitaxial (epi)-
diodes are applications with off-state voltages of between 100 V and 600 V; some manufacturers
even produce epi-diodes for 1200 V.

Controlled axial lifetime (CAL) diodes

From 1000 V upwards, the n-region is being enlarged to such an extent that a diffused PIN diode
(Figure 2.3.1 to the right) can be obtained. The p- and n*-regions are diffused into the n-wafer.
Recombination centres are also used. Recombination centre profiles similar to those shown in Fig-
ure 2.3.2 can be generated by implanting protons or He**-ions into silicon. Implantation requires
particle accelerators performing up to 10 MeV.
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Figure 2.3.2 Narrow region with a high concentration of recombination centres at the pn-junction, gener-
ated by light ion irradiation

The arrangement of the high recombination centre density at the pn-junction (Figure 2.3.2) is an
optimum set-up [4], [5]. In [6] it is demonstrated that the closer the arrangement of recombina-
tion centres at the pn-junction, the better the relation between peak reverse recovery current and
forward on-state voltage will be. In on-state condition, charge carrier distribution will be inverted,
with a higher charge carrier density at the n-n*-junction. As shown in Figure 2.3.3, the peak of
radiation-induced recombination centres is even placed in the p-region close to the pn-junction in
a CAL diode, since this will result in lower off-state currents. He** implantation is combined with
an adjustment to the basic charge carrier lifetime, preferably achieved by electron beam radiation.
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Figure 2.3.3 Recombination centre profile in the CAL diode (diagram)
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The height of the recombination centre peak can be adjusted by varying the dose of He**-implan-
tation: The higher the peak, the smaller the peak reverse recovery current. The lion's share of the
CAL diode storage charge occurs in the tail current. The tail current itself can be controlled by the
basic recombination centre density. A reduction in basic charge carrier lifetime will reduce tail cur-
rent duration; however, this is to the detriment of the diode on-state voltage. The two parameters
"basic charge carrier lifetime" and "He** implantation dose" enable the recovery behaviour be con-
trolled to a large extent. In this way, the diode will display soft-recovery behaviour under any oper-
ating conditions, especially when low currents are applied. CAL diodes manufactured in this way
boast excellent dynamic ruggedness. CAL diodes dimensioned for 1200 V and 1700 V have been
tested under lab conditions at dl/dts up to 15 kA/cm?us and did not result in diode destruction.

A comparatively narrow base width w, can be chosen for CAL diodes regarding the PT dimension-
ing described in chapter 2.3.2.2. This provides a comparatively low on-state voltage or results
in a better compromise between switching characteristics and on-state voltage. The base width
w; also has a considerable impact on the turn-on behaviour of the diode. The forward recovery
voltage V., rises in proportion to the increase w;. In contrast to conventional diodes, 1700 V-CAL
diodes were shown to result in a more than a 50% reduction in V . [7].

Freewheeling diodes for IGCT with high reverse voltage ratings, as well as snubber diodes [8] are
manufactured in line with the CAL concept, since dynamic ruggedness is one of the most important
requirements. Optimised dimensioning in the direction of PT dimensioning now becomes possible,
resulting in improved cosmic ray stability. This also allows for a more favourable trade-off between
diode on-state voltage and switching characteristics. In snubber diodes, this enables a minimum
V to be reached. In addition, a lower reverse current can be obtained than is the case for the
conventional gold-diffusion process.

Emitter concept

In a common PIN diode, the pn-junction is flooded by more charge carriers than the n-n*-junction
(Figure 2.3.11). The idea behind the emitter concept is to invert this charge carrier distribution: the
n-n*-junction is to be flooded by more charge carriers than the pn—-junction. This is achieved by
reducing the injection quantity at the p-emitter.
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Figure 2.3.4 p-emitter to improve soft recovery behaviour:
a) Emitter structures, e.g. merged PIN/Schottky diode
b) Fully reduced p-doping

A number of emitter structures whose functions basically result in this effect have been proposed.
One example is the "Merged PIN/Schottky diode", which consists of a series of p*-regions and
Schottky regions [9] (Figure 2.3.4a). A number of similar structures also exist, including structures
with diffused p-regions and n-regions.
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The advantages of Schottky regions or similar regions, however, are restricted to voltages below
600 V. For blocking voltages of 1000 V and above, the ohmic voltage drop outweighs this effect.
What is left is the reduction of the area of injecting sub-areas at the p-region. The same effect as
with emitter structures can be achieved with a uniformly low-doped p-region (Figure 2.3.4b).

2.3.2 Static behaviour

The statements made about the static behaviour of line rectifier diodes in chapter 2.2.1.3 essen-
tially apply to fast diodes, too.

7

Figure 2.3.5 Definition of reverse and forward diode voltage

2.3.21 On-state behaviour

The maximum forward voltage V. indicates that, at a specified current, the forward voltage drop
across the diode must not exceed the specified limit value. This specification is made for room tem-
perature and a higher temperature, typically the maximum recommended operating temperature. In
forward direction, the current must overcome the diffusion voltage of the pn-junction and the resist-
ance of the adjacent n-region. The voltage drop is composed of

VF = Vdiff+ V

The diffusion voltage at the pn-junction depends on the amount of doping of both sides of the pn-
junction and it is typically in the range of 0.6...0.8 V. The drift share depends on the base width w,
(proportionate to the blocking voltage) and the charge carrier density. For fast diodes with a block-
ing voltage of 600 V and above, the drift part dominates. The charge carrier lifetime of freewheeling
diodes has to be kept short.

drift

In the classic approximation derived by Hall [10], V. is given by

2
WB

Vo =7———+——

(Ko + 1) The

The on-state voltage will depend quadraticaly on the base width w, and inverse proportional on the
high-injection charge carrier lifetime 1, , for not too short 1, . Due to this exponential correlation, it is
important to select the smallest possible w,. Further, y_and Mo represent electron and hole mobility,
provided the n- -region is flooded with free electrons and holes. However, in this equation there is no
direct dependency of V. from the current. This obviously contradicts measurements. The experi-
mental forward voltage is noticeably higher and increases stronger with current than according to
above equation. The reason is that the characteristics in modern power devices including freewheel-
ing diodes are strongly determined by emitter recombination.
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In one way, this can be expressed by an effective carrier lifetime t_ [11]:

2
WB

Vi = 7———~+——
T (M M) T
where 1_; includes the emitter recombination, is current dependent and decreases with current den-
sity since the emitter efficiency decreases with increasing current. Also it can be written as
2 2
w 1 1 H 7y~ .
Vdrift =P HL2
(un +“p)THL 2 4 q WB

Here, j is the current density and H stands for the emitter influence of both the p-emitter and the n*-
emitter of the diode, compare Fig. 2.3.4b. Small H means strong emitter efficiency, and for very small
H this equation approaches to the classical Hall approximation. The last equation is very useful for a
fit of measured forward characteristics of freewheeling diodes. In very most cases a dependency of
V. to the square-root of the current density is found. A detailed consideration is given in [17].

The diffusion voltage V . has a negative temperature coefficient, while u_and y_ decrease with tem-
perature, and 1, increases with temperature. Depending on which part is dominant, there will be an
intersection of the on-state characteristic “Hot” and “Cold” at different current levels, typically within
the rated current range or up to 3-4 times the rated current.

2.3.2.2 Blocking behaviour

The reverse voltage V, indicates that, at a specified value, the reverse current must not exceed the
limit for | .. Specifications in the databooks are made for an operating temperature of 25°C. In case
of lower temperatures, the blocking capability will decrease, for example by about 1.5 V/K for a
1200 V diode. For components which are operated at temperatures below room temperature, this
has to be taken into account in the circuit layout. At higher temperatures, the blocking voltage will
increase accordingly. At the same time, the reverse current will also rise, doubling roughly every
10 K. For this reason, a reverse current is also specified for a high temperature (125°C or 150°C).
For gold-diffused components, the reverse current increase may be very strong, possibly causing
problems due to thermal instability in systems operated at high temperatures.
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Figure 2.3.6 Example of the reverse current of a 1700 V CAL diode, parameter TJ.

The base width w, not only affects the on-state voltage, but also has a crucial impact on the block-
ing voltage. Two cases can be distinguished between (Figure 2.3.7): if w, has been dimensioned
such that the space charge zone cannot protrude into the n*-region (triangular field shape), this is
called Non-Punch-Through (NPT) dimensioning in line with the terminology used for IGBT [12]. If
w, has been dimensioned such that the space charge region protrudes into the n*-region, the field
shape will be trapezoidal and the diode is called a Punch-Through (PT) diode. This, however, is
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not actual punch-through, where the space charge region would reach the area of the other doping
type. This designation has nonetheless become widely accepted.
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Figure 2.3.7 Diode dimensioning for triangular (a) and trapezoidal (b) field shape for
Oswsw,

For an ideal NPT diode, w, is selected such that, at maximum reverse voltage, the end of the tri-

angular field is located at this point. For optimum doping, the minimum width would then be
2 17
Waner) = 23CoVg,

where C = 1.8-10% cmbVv~

The minimum doping needed for PT diodes can be calculated in the same way. In the extreme

case, the field would be rectangular, E, = E, (Figure 2.3.7). This results in
1 7

WB(PT,GrenzfaII) =C®. VBGD

Compared to w, for the NPT diode, the following applies:
2

W (T Grenzfall) = 2° Wener) = 0,63 Wy er)

Although this extreme case cannot be achieved, available technology allows us to come close to

this, i.e.:

Wger) = 0,66 - Wgpr

( )

For the charge carrier lifetimes presently in use, the difference in forward voltage for PT dimen-
sioning and NPT dimensioning is approximately 0.8 V. For this reason, PT dimensioning is to be
given preference if possible.

2.3.3 Dynamic behaviour

2.3.31 Turn-on behaviour

When the diode is turned on, it has to overcome the resistance of the low-doped base. The turn-
on peak voltage thus increases proportionate to w,. The turn-on peak voltage becomes especially
critical if a significant base width w, has to be chosen due to a high blocking voltage of more than
1200 V. For this reason, optimum turn-on behaviour is once again achieved with PT diodes.

Freewheeling diodes always contain recombination centres to reduce charge carrier lifetime. Re-
combination centres (e.g. gold) causing an increase in base resistance are to be avoided for di-
odes with a high blocking voltage.
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Recombination centres generated by platinum diffusion, electron beam radiation or light ions will
only slightly increase the turn-on overvoltage in comparison to diodes without recombination cen-
tres.

When the diode turns into the conductive state, the voltage will initially increase to the repetitive
peak forward voltage V_.,, before dropping to the forward voltage level again (Figure 2.2.4). When
the current is actively switched at a very high di/dt ratio, V_.,, may reach between 200 V and 300
V for an unsuitable 1700 V-diode, a level which is more than 100 times the value of V. Turning the
diode on from a blocked state will result in a far higher V_.,, than turning it on from a neutral state.
Alow V_.,, is one of the most important requirements of snubber diodes, since the snubber circuit
becomes effective only after diode turn-on.

The repetitive peak forward voltage is also of importance for freewheeling diodes in IGBT which
are designed for a blocking voltage > 1200 V. When the IGBT is turned off, a voltage spike is
generated across the parasitic inductances which still superimposes the V__, of the freewheeling
diode. The sum of both components may cause critical voltage peaks. However, this measurement
is not trivial, since the inductive component and V., cannot be told apart in application-oriented
chopper circuits. Measurements can be taken on an open construction directly from the diode
bonding wires. Turn-on behaviour of a diode is rarely important for the total power losses, since
turn-on losses only amount to a small percentage of the turn-off and forward on-state losses and
are therefore negligible.

2.3.3.2 Turn-off behaviour

When turning from the conductive into the blocking state, the internal diode storage charge has to
be discharged. This causes a current to flow in reverse direction in the diode. The waveform of this
current characterises the reverse recovery behaviour.
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Figure 2.3.8 Current and voltage characteristic of the reverse recovery process of a soft-recovery diode
in a circuit as shown in Figure 2.3.15 and definition of the characteristics of the recovery
behaviour

Commutation velocity di/dt (Figure 2.3.8) is determined either by the switching speed of an ac-
tive switch (IGBT) or by the commutation inductance. At t, the current reaches its zero crossing.
At t the diode starts to pick up voltage. At this instant, the pn-junction in the diode becomes free
of charge carriers. This constitutes a turning point in the current flow. At t _the reverse current
reaches its maximum. After t _has elapsed, the current declines to the reverse current. The cur-
rent characteristic depends solely on the diode. A steep decline in current is referred to as snappy
recovery behaviour. A slow decline in current is referred to as soft recovery behaviour. Di/dt de-
termines the overvoltage present in the diode, which is why soft recovery behaviour is aimed at.
Reverse recovery time t is defined as the period between t; and the moment where the current
has fallen to 20% of the maximum I__, .
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Soft recovery behaviour and switching overvoltage

As shown in Figure 2.3.8, differentiating between t. and t_for t helps to define a "soft factor" as a
quantitative characteristic for recovery behaviour:

Soft factor S= :—f
The soft factor should be greater than 1 in order to minimise switching overvoltages. This defini-
tion, however, is imprecise. For, according to it, the current characteristic shown in Figure 2.3.9a
would be regarded as snappy, whereas the current characteristic as in Figure 2.3.9b would be con-
sidered soft. Despite s > 1, there is a steep edge in a part of the reverse current flow. A definition
that refers to the maximum di/dt during the fall time t, would be better. For a soft recovery diode,
di/dt is within the range of di/dt for t_.

a) b)
Figure 2.3.9 Current characteristic for two different possibilities of snappy
reverse recovery behaviour

Specifying the recovery behaviour at the nominal operating point only is likewise not sufficiently

meaningful. It varies as a function of different circuit parameters.

- Current: Measurements have to be taken at a current flow of less than 10% and at 200% of the
specified current. This approach gives proper consideration to the fact that small currents are
particularly critical for the reverse recovery behaviour.

- Temperature: High temperatures are often more problematic for the recovery behaviour. For cer-
tain fast diodes, however, the recovery behaviour will deteriorate at room temperature or below.

- Voltage applied: Higher voltage results in poorer reverse recovery behaviour.

- Rate of rise for di/dt: The dependency of di/dt varies greatly in diodes made by different manu-
facturers. One type of diode will become "softer" when the di/dt increases, while another will
become "snappier".

The best way to charaterise soft recovery behaviour is to measure the turn-off overvoltage under
different operating conditions (I, TJ., V., di/dt). In a typical application, where the chopper is in a
semiconductor module, the parasitic inductance L____is in the range of some 10 nH. This reduces
the overvoltage generated. Due to a lack of ideal switches, the voltage applied to the IGBT will
drop to a certain degree during the reverse recovery phase. The voltage measured becomes

di
- V(t) =-V- Loges ) d_tR + VCE(t)

where V() is the voltage across the IGBT at the given moment in time. In a 100 A soft recovery
diodes with moderate rates of rise of up to 1500 A/us and minimum parasitic inductances, V(t) will
very often be smaller than V. at any time and no voltage spikes will occur.
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Figure 2.3.10 Peak voltage during commutation in dependence of the forward current as a parameter for
diode switching behaviour

Figure 2.3.10 compares the overvoltage of a CAL diode to that of a platinum-diffused diode with
soft-recovery behaviour owing to reduced p-emitter efficiency. At rated current (75 A), the plati-
num-diffused diode is just as soft as the CAL diode. For lower currents, however, overvoltages
caused by snappy switching behaviour will be present in the diode. The maximum overvoltages
at 10% rated current will be as over 100 V. The IGBT used will switch even lower currents more
slowly, and the overvoltage will decrease. By way of contrast, CAL diodes don't display significant
overvoltages under any condition. Considered from the point of view of semiconductor physics,
Figure 2.3.11 shows the concentration of charge carriers in the cross section of the semiconductor
material during turn-off in a snappy diode and Figure 2.3.12 depicts the same for a soft recovery
diode.
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Figure 2.3.11 Diffusion profile and simulation of the decline in charge carriers (hole density) in a snappy
diode

Under on-state load, the n-region of the diode is flooded by > 10" cm of electrons and holes; the
concentration of electrons (n) and holes (p) may be assumed to be equal. During the switching
operation, a charge carrier hill is formed between t, and t, in the n-region; at the same time n =
p. Charge carriers are reduced toward the cathode as a result of the electron flow and toward the
anode owing to the hole flow, which appears as reverse current in the outer circuit. In the case of
the snappy diode (see Figure 2.3.11), the charge carrier hill will have been consumed shortly after
t, has elapsed. Between t, and t, the diode will suddenly turn from its state with charge carrier hill
to a state without charge carrier hill; the reverse current will snap off.
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The process in a soft-recovery diode is shown in Figure 2.3.12. Throughout the entire process, a
charge carrier hill which feeds the reverse current is retained . At t,, the diode will already have
picked up the voltage applied. The dynamic behaviour described results in a tail current, as shown
in the measurement in Figure 2.3.17.
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Figure 2.3.12 Diffusion profile and simulated decline in charge carriers (hole density) in a soft recovery
diode

Whether soft recovery behaviour will be achieved depends on how successfully this charge carrier

reduction is managed. The following measures will result in softer recovery behaviour:

- The width w, in the n--region is enlarged, NPT dimensioning is used, and a region is also inte-
grated into the diode which cannot be reached by the field at nominal voltage. This, however, will
result in a stark increase in on-state voltage or in the V_/Q__ relation.

- In order to restrict the increase in w, somewhat, a two-stage n-region can be used [13] with
increased doping close to the n-n*-junction. Figure 2.3.11 and Figure 2.3.12 demonstrate how
a similar effect is achieved by a flat gradient at the n-n*-junction. This measure alone, however,
will not be enough to achieve soft recovery behaviour.

- Charge carrier distribution is inverted by a low-efficiency p-emitter ( see "Emitter concept").

- An axial charge carrier lifetime profile according to the CAL concept, providing for a low charge
carrier life at the pn-junction, and a longer charge carrier life at the n-n*-junction.

To ensure soft recovery behaviour under any conditions, several of these measures normally have
to be taken at the same time. That said, the achievements made in this respect must always be
assessed with a view to the extent to which a higher on-state voltage or a higher Q.. is accepted.

Minimum turn-on time

In order to reach the "soft" switching characteristics described above, the charge carriers must be
granted sufficient time to reach the state of quasi-static charge carrier distribution. This is not the
case for very short conduction times.
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Figure 2.3.13 a) Turn-off at high interference level (pink) at V..=1200 V (V,, -yellow) and 1.=400 A (green)
att=0.8 ps (200 ns/Div); b) Turn-off at "normal" interference level (pink) at t=2ps
(500 ns/Div)

Figure 2.3.13 shows switching operations during very short diode turn-on times with inductive
load. The fact has been taken into account that the real turn-on time of the diode is reduced by
about 1 ps, since the driver short-pulse suppression and t, . of the IGBT are subtracted from tp(oﬁ)-
IGBT. For a very short turn-on time, oscillations with a high amplitude can be detected in the the
current curve (green). The interference level (pink) is only a relative measurement, taken with a
conductor loop above the module. These high-frequency oscillations may influence signals and
logic devices and impair safe and reliable operation. For this reason, we recommend suppressing
switching signals for less than 3 ps for 1200 V IGBT and < 5 us for 1700 V.
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Figure 2